Drying conditions of black tea using superheated steam (SHS) were optimized based on a central composite design (CCD) of response surface methodology (RSM). The effects of independent variables (temperature and time) towards the total phenolic content (TPC), scavenging free radical ability, ferric-reducing antioxidant power assay and sensory attributes (infusion colour, aroma, flavour and astringency) were analysed using regression polynomial equations. Analysis of variance (ANOVA) showed that a quadratic model fitted the experimental design well, with a p-value less than 0.05 and a highest coefficient of 0.9474. The optimum drying conditions were achieved at 166.7 o C and 21.2 minutes where the experimental values were in accordance with predicted values, with percentage errors (PE) less than 10%. Temperature (140 o C -180 o C) was concluded to have the most significant effect and showed a positive direction in most responses. This effect was definitely able to support the application of a SHS dryer for the quality production (antioxidant and sensory properties) of black tea.
Introduction
Tea is consumed and well-liked worldwide due to its pleasant flavour and health benefits. Black tea accounts for 80% of tea consumed in the world (Tea Fact Sheet, 2016) . Special attention had been paid to processing technologies because they directly influence the quality of tea produced (Botheju, Amarathunge, & Abeysinghe, 2011) . The drying process is especially responsible for finalising the flavour of tea and removing undesired moisture to give a longer shelf life (Kavish, S. Botheju, & De Silva, 2016) . Drying is an energy demanding process that consumes around 10-15% of national energy in most developing countries (Mujumdar & Devahastin, adverse environmental impacts in terms of deforestation and air pollution (the release of carbon dioxide after burning). SHS has been widely proposed by researchers as an effective solution to these problems in food drying. SHS is produced when saturated steam is further heated under constant pressure. SHS drying permits the recovery of the latent heat through condensation of exhaust steam, while in hot air drying this retrieval of heat in the released humid air is hard to achieve (Romdhana, Bonazzi, & Decloux, 2015) . SHS drying of food offers many advantages such as high energy efficiency (due to a higher drying rate than hot air), low net energy consumption, elimination or reduction of odour emission, oxygenfree environment (no fire and explosion hazards), lower nutrient loss and less impact on quality (colour, texture, shrinkage and rehydration) (Mujumdar, 2006) . Several researchers have applied SHS drying to foodstuffs such as potatoes (Tang & Cenkowski, 2000) , cocoa beans (Zzaman, Bhat, & Yang, 2014) and noodles (Markowski, Cenkowski, Hatcher, Dexter, & Edwards, 2003) . Previous work, done on drying mate leaves, claimed that a higher concentration of phenol content was achieved by applying SHS drying as compared with conventional hot air drying. Recently, Zzaman et al. (2014) also observed that a minimal loss of antioxidant properties and nutrients can be achieved using a SHS dryer when heat treating cocoa beans. The effects of drying temperature and time may be vital for optimization of the processing methods used to obtain a cup of black tea with good flavour (Kaack & P. Christensen, 2008) . RSM is a powerful tool that enables optimal drying conditions to be generated with fewer experimental runs (Chakraborty, Bera, Mukhopadhyay, & Bhattacharya, 2011) . This statistical technique can also evaluate the relationship between independent and dependent variables, and describe the effects of all combined variables (Erbay & Icier, 2009) . Even with much work done, using RSM for optimization of food processes, there is a lack of literature covering the effects of drying conditions on black tea product quality using a SHS dryer. Therefore, the aim of this research is to optimize the performance of a SHS dryer for the quality production of black tea.
The quality attributes of concern are phenolic content, antioxidant ability and sensory qualities (liquid colour, aroma, flavour and astringency taste). Additionally, there are limited comprehensive studies dealing with the correlation between chemical composition, antioxidant activity and sensory attributes. Herein, this study focused on providing a better understanding of the relationship between these variables, with the aim of ultimately improving product quality in the development and production of black tea.
Materials and Methods

Drying procedure
Freshly fermented tea leaves (60%, moisture content), collected from the BOH Sg Palas plantation, Cameron Highland, Malaysia, were dried using a superheated steam dryer (Healsio, AX-1500 V, SHARP, Osaka, Japan). The dryer consisted of a 900 W steam heater and a backwardcurved blade centrifugal fan, and had a 16 cc/min steam generation power (Zzaman et al., 2014) . Tea leaves were thinly spread as a single layer on a steel broil pan (359 Ö 256 Ö 339 mm). Steam generated by the boiler was continuously heated until it reached the superheated state. Once steam reached the superheated state, the SHS dryer was fully operated on pure steam. The heat was then transferred onto the product by the centrifugal fan to dry and evaporate the water. The temperature and time ranges were between 140-180 o C and 20-25 minutes respectively. These ranges were chosen based on preliminary results to produce tea with a moisture level of 3-4%. After drying, the samples were left to cool in a desiccator at room temperature before being vacuum packed into fully metalized bags, for storage prior to analysis.
Optimization of Superheated Steam Drying
RSM was used to investigate the effects of two independent variables, namely temperature ( o C) and time (minutes), on seven dependent variables which are TPC, scavenging free radical, reducing power assay, and sensory attributes of tea IJFS October 2019 Volume 8 pages 81-92 infusion colour, aroma, flavour and mouth astringency. The two factors (X 1 and X 2 ) and three levels (-1, 0 and 1) of a face centred CCD were chosen for all the variables within the desired ranges. A total of 13 experimental runs was obtained, including five centre points in the design performed for estimation of pure error. Table 1 shows the experimental design generated using Design Expert Version 6.0.10 (Stat-Ease Inc., Minneapolis, USA). Experiments were conducted in a random order and repeated twice for the 13 runs to minimize error due to extraneous factors. Statistical analyses were performed to evaluate an analysis of variance (ANOVA) of the data obtained. Criteria for all statistical significance followed the rule of having a 5% significant level (p≤0.05). Model adequacy was determined with a coefficient of determination (R 2 ) value above 80% and an insignificant lack of fit (p>0.05) as the best indicators for model fitting with experimental data (Myers, Anderson-Cook, & Montgomery, 2016).
Validation of model
Optimum conditions to dry tea leaves using SHS were provided by RSM based on the maximum value of TPC, antioxidant activity and target scores for sensory attributes. Predicted values of all the responses were also derived from the optimum model. Under these conditions, a validation experiment was carried out to verify the adequacy of the model equation. Experimental values obtained were compared with predicted values by calculating their percentage error (PE). The PE should be less than 10% to indicate a good fit.
where m ev is the experimental value and m pv is the predicted value.
Determination of total phenolic content (TPC)
was followed, with slight modification. Tea samples (300 µl) were transferred into test tubes to be mixed with 1.5 ml of Folin-Ciocalteu's reagent (diluted 10 times) and 1.2 ml of sodium carbonate (7.5% w/v). The tubes were then left to incubate for 30 minutes at room temperature. After incubation, the absorbance reading was measured at 765 nm against a blank solution. TPC was expressed as Gallic acid equivalents (GAE) in mg GAE/g material.
DPPH free-radical scavenging assay
The 1, 1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay of black tea extraction was carried out in accordance with the procedure reported by Omwamba and Hu (2010) , with slight modifications. Different dilutions of the extract were mixed with 2 ml of DPPH (5.9 mg/100 ml methanol) and then incubated for 30 minutes. The absorbance reading was then taken at 516 nm against a control sample. The free radical scavenging ability of black tea extracts were calculated as follows:
Scavenging ability (%) = 1 − A516 of sample A516 of control ×100
(2)
Ferric reducing power assay
The ferric-reducing antioxidant power (FRAP) of black tea infusion was determined according to an adapted method of Benzie and Szeto (1999) . FRAP reagent was prepared by adding together 100 ml of acetate buffer (0.3 M, pH 3.4), 10 ml of 2,4,6-Tri (2-pyridyl)-s-triazine (TPTZ) solution in 40 Mm HCl and 10 ml of iron (III) chloride (FeCl 3 · 6H 2 O). 4.5 ml of FRAP reagent was then mixed with different dilutions of the extracts. The mixture was later incubated at 37 o C for 4 minutes before the absorbance reading was measured at 593 nm. A standard curve of ferrous sulphate was prepared at different concentrations.
Sensory evaluation
The protocol for sensory evaluation in this study was approved by the Human Research Ethics Committee of University Sains Malaysia (USM). Sensory evaluation of the investigated black tea was performed by quantitative descriptive analysis according to ISO 3130 (1980) . It was conducted by professional tea tasters, aged between 30-40 years old, with over 10 years' experience in tea tasting. The analysis took place at BOH Company, Banting, Malaysia. The sensory attributes are tea infusion colour, aroma, flavour and mouth astringency. During the quantitative assessment, the assessors evaluated the intensity of the specified attributes on a numeral ordinal 15-unit scale with the end values labelled as weak and strong. The tea samples were served in randomized order. The average scores of sensory attributes, based on the scores given by three panellists, were presented as evaluation results.
3 Results and Discussions
Model fitting
A second order polynomial equation was employed on the experimental data to obtain multiple regression analysis for each response as follows:
Where Υ is a response variables (Υ 1 = TPC; Υ 2 = DPPH scavenging ability; Υ 3 = FRAP metal chelating activity; Υ 4 = infusion colour; Υ 5 = aroma; Υ 6 = flavour and Υ 7 = mouthfeel (astringency) and β 0 is a constant coefficient of the model. Other coefficients are β 1 and β 2 (linear), β 11 and β 22 (quadratic) and β 12 (interaction regression). X represents the coded independent variables where X 1 is temperature and X 2 is time.
The experimental data of various responses during drying of tea leaves are presented in Table 2 . The ANOVA results (Table 3) indicate that the quadratic model is the best fit model based on its statistical significance in comparison with the linear and two-factor interaction (2FI) models for all responses. Figures 1 and 2 (a-g) 
Effect of drying conditions on TPC
A major proportion of black tea comprises total phenolic compounds which are mostly responsible for the health effects and sensory characteristics of black tea (Luczaj & Skrzydlewska, 2005) .
In the present study, the initial value of TPC before drying was 42.15 mg/g (dry basis) and the TPC values of dried black tea using a SHS dryer at different temperatures and times were in the range 805.0 to 1096.0 mg/g (dry basis). Undried tea leaves have the lowest TPC, primarily due to the presence of enzymes that might degrade the antioxidants (Roshanak, Rahimmalek, & Goli, 2016) . Dried tea leaves (3-4% moisture ratio) retain high phenolic compounds as result of decreased water content that deactivates enzymes that might degrade phenolic compounds (Rabeta & Lai, 2013) . It is also interesting to point out that the TPC value in black tea from this study is 10% higher than those reported in the literature for conventional hot air drying (Chan et al., 2007) . Loss of TPC in hot air and microwave drying may be due to the heat generated that allows oxidative condensation to take place within the system , thereby degrading polyphenols or even converting them into non-antioxidant forms (Lim & Murtijaya, 2007) .
In the present investigation, the variable X 1 (temperature) was found to be highly significant with a p-value of 0.0009 followed by X 2 (time) with p<0.05. However, the other models (X 12 , X 1 2 and X 2 2 ) were not significant for the prediction of TPC in black tea as a result of dry-ing (Table 3 ). The three dimensional (3D) surface plot (Figure 1-a) clearly shows an increase in TPC from 483.0 mg/g to 743.7 mg/g when increasing drying temperature from 140-180 o C. At all drying temperatures, the TPC only increased during the first 22.5 minutes and then slowly decreased after that drying time to 657.6 mg/ml. This suggests that high drying temperature accelerates the release of phenolic compounds, by breaking down the cell walls of the tea leaves, making them largely accessible by the extraction method (Tomaino, Cimino, Zimbalatti, Venuti, & De Pasquale, 2005) . Indeed, TPC increased even at the highest temperature which indicates SHS can operate in the absence of oxygen thereby retaining the antioxidants, vitamins and other essential nutrients (Cenkowski, Pronyk, Zmidzinska, & Muir, 2007) . However, a prolonged exposure of heat can result in loss of TPC. A similar trend was observed in a study carried out by Temple, Temple, van Boxtel, and Clifford (2001) that proved rapid drying is vital to prevent the loss of TPC.
Effects of drying conditions on DPPH
Black tea mostly consists of phenolic compounds that are capable of scavenging free radicals as effectively as green tea. In the present study, the ANOVA results of DPPH verify that drying temperature and time are statistically significant (p<0.0005) for antioxidant activity in black tea dried using SHS (Table 3 ). Figure 1 b depicts the 3D representation of the response surface that shows the influence of the independent variables on DPPH radical scavenging activity. SHS drying temperature significantly increased the antioxidant activities of black tea (53% -93%), whereas a longer duration of drying caused the activities to decrease. Among the conditions, drying temperature and time of 180 o C and 22.5 minutes respectively provided the highest percentage of DPPH radical scavenging activity, which coincides with the TPC assay. These findings indicate that antioxidant ability is highly related to TPC as these compounds can act as free radical scavengers during oxidation reactions (Youssef & Mokhtar, 2014) .
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Effects of drying conditions on FRAP
Antioxidant properties are also associated with the ability of phenolic compounds to form complexes with metal ions. In the present study, reducing capabilities of black tea extracts, undergoing different drying conditions, were in the range 150.1 to 262.4 mg/g (dry basis). From statistical measurements shown in Table 4 , it was concluded that both temperature and time significantly affect the metal chelating ability of dried black tea (p<0.01). The contour plot (Figure 1-c) also showed that the reducing power of black tea increased as temperature increased. This trend was also observed with the DPPH scavenging ability assay, where the highest reducing power was attained at 180 o C and 22.5 minutes, while a prolonged drying time reduced both activities. Reducing capability at the highest temperature could be explained due to the fact that novel antioxidant compounds may be formed from Maillard reaction products (Manzocco, Anese, & Nicoli, 1998) . In addition, an oxygen free environment in SHS also promotes the preservation of antioxidant compounds and reduces any oxidation reaction taking place. In absolute terms, the three major parameters of TPC, free radical scavenging ability and FRAP are all interconnected between one another. They are highly affected by the drying conditions used with positive direction.
Effects of drying conditions on sensory attributes
The taste quality of black tea largely depends on its liquid colour, brightness, appearance, aroma, flavour and mouthfeel (astringency) (Tea Manufacturing, 2016). Primarily, liquid colour is an important factor not only in assessing the visual aspect of tea infusion but also for its relationship with antioxidant content (Ratti, 2001) . Results clearly show that drying temperature and time largely affect the infusion colour of black tea extract. Specifically shown in Figure 2 -a, the intensity of infusion colour of black tea increased with drying temperature and time. This result corroborates the work done by Teshome, Debela, and Garedew (2014) where the higher temperature and increase in drying time of tea leaves led to the loss of brightness and the tea infusion became darker and dull. This also hinted that the Maillard reaction (browning) occurred which may result in antioxidant ability during drying of black tea (Lou et al., 2015) .
In the case of black tea aroma, only the single interaction of drying time can affect aroma scores with p<0.05 (Table 4 ). infusion scores dropped from 8.5 to 5.5. This behavior can be explained due to the evaporation of volatile compounds responsible for tea aroma (Tuan, Thinh, & Tu, 2016) . Besides that, mishandling tea when all samples were prepared in one go for tasting could cause loss of aroma and inconsistent scores. Therefore, two or three sessions of tea tasting are suggested to be conducted to avoid the loss of aroma. Both flavour and mouthfeel are only affected by temperature. Figure 2-c and 2-d show similarity between these two quality attributes as temperature increased, whereby the strength of flavour and mouthfeel also increased. The highest scores for both characteristics were achieved at 180 o C after 25 minutes of drying using a SHS dryer. In terms of flavour formation in black tea infusion, it is highly dependent on the content of essential oils in tea leaves that are strongly affected by temperature (Ho, Zheng, & Li, 2015) . In contrast, the astringent taste in black tea was re-ported to be closely related to the theaflavins and thearubigins components (Scharbert, Jezussek, & Hofmann, 2004) . Nevertheless, the key to good quality of black tea extracts is the balanced taste in terms of strength of flavour and the astringent and bitter taste (Scharbert et al., 2004) . Thus, having a strong flavour can lead to a high bitter taste which results in loss of a balanced flavour in black tea (Wang et al., 2014) .
Optimization and validation
A simultaneous multiple response optimization was employed to generate the optimum process conditions for SHS dying of black tea. Specific criteria of having maximum value of TPC and antioxidant ability, and a set target score of 7.5 for all sensory characteristics were assigned (Table 5). The target score for all sensory characteristics was set following the reference standard that was commercialized and accepted by con- sumers.
The optimal experimental conditions for the drying of black tea using SHS was found to be at 166.7 o C and 21.2 minutes with a desirability of 71.8%. Predicted values of each response were estimated to be 644.4 mg/g for TPC, 90.6% scavenging free radical ability, 133.3 mg/g for its reducing power and scores of 9.8, 7, 8.3 and 9.7 for tea infusion colour, aroma, and flavour and astringency levels respectively. Verification of the model was conducted. The percentage error calculated was not more than 10% of experimental data difference from predicted value thus confirming the suitability of the optimal conditions produced from the RSM.
Conclusion
RSM is a powerful tool that was successfully used in the present study to perform an optimization of drying conditions for black tea. The contour plot clearly visualized the interaction between all variables for the response of quality attributes in black tea drying. The optimal experimental conditions for the drying of black tea using SHS were found to be 166.7 o C and 21.2 minutes. Drying temperature is the most significant factor that affects TPC, antioxidant ability and sensory scores. The present results highlighted the drying approach of SHS is effective in preserving the antioxidant compounds and other quality aspects in black tea even at elevated temperature. Consequently, this study can help tea industries to consider this drying technique to retain quality aspects of their production, especially for black tea.
